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ABSTRACT 


An  undexvater  chemical  explosion  was  detonated 
60  kilometers  southwest  of  Amchitka  Island  on  September 
6,  1968.  The  device,  which  consisted  of  250  tons  of 
chemical  explosives,  was  detonated  at  a  depth  of  3100 
feet  below  sea  level  over  the  Aleutian  Trench.  Travel - 
time  and  amplitude  data  were  recorded  at  seismograph 
stations  throughout  the  United  States  and  in  Canada, 
Afghanistan,  Australia,  India,  and  Africa.  Surface 
waves,  however,  were  not  detected.  Travel  times  from 
the  i^MOHITKA  explosion  were  late  when  compared  to  the 
P-wave  arrivals  from  LONGSHOT.  The  average  body-wave 
magnitude  for  AMCHITKA,  as  computed  from  teleseismlc 
data,  was  4.6.  Significant  source  bias  for  the  ex¬ 
plosion  was  difficult  to  observe  due  to  the  limited 
azimuthal  control.  Comparative  data  suggest  azimuthal 
source  effects  are  not  as  significant  as  those  asso¬ 
ciated  with  I^GSHOT. 
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INTRODUCTION 


AMCHITKA,  an  underwater  chemical  explosion  in  the 
Aleutian  Island  region,  occur?  d  on  September  6,  1968 
at  02h  07m  10.4s  U.T.  Geographic  coordinates  were 
51°07’30.0”  North,  178°22*00.0*'  East,  a  position 
approximately  60  kilometers  southwest  of  Amchitka 
Island  in  the  Rat  Islands  group.  The  explosive  device 
consisted  of  a  container  packed  with  250  tons  of  high- 
explosive  material  which  was  towed  to  the  shot  area, 
sunk,  and  detonated  at  a  depth  of  3100  feet  below  sea 
level. 

LONGSHOT,  a  nuclear  device  exploded  on  Amchitka 
Island  in  1965,  showed  striking  azimuthal  variations 
in  travel  times  and  amplitudes  recorded  on  distant 
seismographs .  In  this  report ,  the  results  of  the 
AMCHITKA  explosion  are  compared  with  those  from  LONGSHOT 
to  determine  the  effect  of  shifting  the  shot  point 
from  the  axis  of  the  Aleutian  Island  arc  to  a  position 
over  the  adjacent  trench. 

The  World-Wide  Network  of  Standard  Seismographs 
(WWNSS),  the  Long  Range  Seismic  tfeasurements  (LRSM) 
stations,  and  the  Canadian  National  Network  were  the 
principal  sources  of  data  for  this  report.  Basically, 
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the  WWNSS  and  LRSM  instrumentation  are  similar:  3- 
component  short -period  Benioff  systems  and  3 -component 
long -period  (Sprengnether)  systems.  However,  there 
are  significant  differences  between  the  short-period 
and  long-period  response  of  the  two  systems.  The 
WWNSS  short -period  response  is  maximum  at  0.6  sec. 

In  contrast ,  the  corresponding  LRSM  system  peaks 
between  0.3  and  0.4  sec.  The  WWNSS  long-period  system 
has  a  broad-band  response  with  a  peak  amplification 
in  the  15-  to  20-sec  period  range,  while  the  LRSM  has 
a  narrower  passband  with  maximum  magnification  at 
about  25  sec.  The  Canadian  Network  uses  Willr.ore 
short -period  and  Columbia  long-period  Instruments. 

The  peak  response  for  the  short  periods  is  0.4  to  0.5 
sec,  while  the  long-period  response  curve  is  maximum 
in  the  15-sec  period  range.  Short -period  response 
curves  representing  the  three  systems  are  compared  in 
Appendix  1.  Appendix  2  illustrates  the  corresponding 
long-period  systems .  The  curves  shown  in  the  figures 
arc  typical  of  the  response  configuration;  however, 
it  should  be  noted  that  peak  instrisnent  magnifications 
vary  from  station  to  station. 
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This  data  was  supplemented  by  information  furnished 
by  university  stations  and  other  C&GS  and  cooperating 
stations  where  instrumentation  varys  from  a  single 
short-period  seismometer  to  an  array  of  instruments . 

In  general,  instrumentation  is  similar  to  WWNSS  equip¬ 
ment,  although  it  may  not  be  as  complete  or  as  recently 
calibrated. 


GEOLOGICAL  ENVIRONMENT 


The  source  region,  which  consists  of  deep  sea 
trenches  and  parallel  chains  of  volcanic  islands, 
exemplifies  the  characteristics  of  a  Pacific-type 
arcuate  structure.  These  structures  arc  associated 
with  large  gravity  anomalies  and  high  seismic  ac¬ 
tivity.  The  Aleutian  trench  (Murray.  1945),  a  narrow 
depression  in  the  ocean  floor  paralleling  the  Aleutian 
Islands,  extends  from  Attu  Island  in  the  Western 
Aleutians  to  the  Yakutat  Bay  area  in  the  Gulf  of 
Alaska,  a  distance  of  over  2000  miles.  The  trench, 
which  is  50  to  100  miles  wide  and  extends  to  a  depth  • 
of  over  25,000  feet,  can  be  divided  into  three. parts: 
(1)  North  slope;  (2)  south  slope;  and  (3)  trench 
floor.  The  north  or  continental  slope  of  the  trench 
is  defined  between  the  100-fathom  contour  and  the 
trench  floor.  The  continental  slope  (Murray,  ibid), 
which  is  characterized  by  an  average  slope  of  3°  to 
4°,  is  indented  by  numerous  submarine  valleys,  termi¬ 
nating  at  depths  ranging  from  2000  to  4000  fathoms. 

In  contrast,  the  south  slope  is  relatively  smoother 
and  has  an  average  slope  of  1°  to  2®.  The  trench 


floor  occupies  an  area  of  20  to  70  miles  from  the  edge 
of  the  continental  slope  and  lies  1200  to  9600  feet 
below  the  adjacent  Pacific  Ocean  floor  on  the  south. 

The  trench  floor  is  underlain  by  approximately  2 
kilometers  (Shor,  1964)  of  thinly  bedded  horizontal 
sediments  which  contain  high-angle  faults  with  evi¬ 
dence  of  recent  small  movements  (Ewing,  et.  al.,  1965). 
The  trench  is  well  delineated  eastward,  in  the  vi¬ 
cinity  of  Cape  St.  Elias,  where  its  edge  is  marked  by 
the  2000-fathom  contour.  Traces  of  the  trench  probably 
extend  across  the  Continental  Shelf  to  Yakutat  Bay. 
Westward  from  Cape  St.  Elias,  the  floor  steadly  descends 
to  an  estimated  depth  of  3900  to  4200  fathoms.  Toward 
the  east,  the  trench  parallels  the  island  chain,  which 
nearly  coincides  with  the  arc  of  a  circle  with  a  radius 
of  1400  miles  (Murray,  1945). 

Basically,  the  Aleutian  Island  Ridge  is  composed 
of  pre -middle  Tertiary  rocks  and  subordinate  amounts 
of  upper  Tertiary  coarse  clastic  sediments  and  sub¬ 
aerial  lava  flows  (Eardley,  1962).  Gates  and  Gibson's 
(1956)  structural  interpretation  suggests  the  western 
part  of  the  Aleutian  Ridge  is  an  arched  and  faulted 
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asynmetrlcal  wedge,  bounded  by  northward-dipping  normal 
faults  on  the  north  and  by  a  northward-dipping  zone 
of  reverse  faults  on  the  south.  In  their  study  of 
the  1965  Rat  Island  aftershocks,  Jordan,  et.  al., 

I965B,  observed  that  the  limits  of  aftershock  activity 
were  sharply  defined  to  the  east  and  west  of  the  Rat 
Island  group,  and  suggested  that  north-south  trending 
fracture  zones  divide  the  island  chain  into  large 
fault  blocks . 

Based  on  refraction  profiles,  Shor  (1964)  esti¬ 
mated  a  depth  of  22  kilometers  to  the  Mohorovlcic 
discontinuity  beneath  the  Islands.  This  compares 
favorably  with  Carder's  (Carder,  Tocher,  et.  al.,  1966) 
estimate  of  25  kilometers  coiiq;>uted  from  LONOSHCT  data. 


DATA 


Travel-tine  and  amplitude  data  associated  with  the 
ANCHITKA  explosion  were  measured  from  34  seismographs 
representing  the  WWNSS,  LRSM,  Canadian  networks,  and 
C&OS  cooperating  stations.  In  addition,  travel-time 
data  were  provided  by  17  stations  where  the  recorded 
signal  was  too  emergent  for  accurate  measurements,  or 
where  Instrument  calibration  Is  not  performed  routinely. 
The  most  distant  known  record  of  the  seismic  signal 
was  written  at  Windhoek,  South  Africa  at  148  degrees, 
and  the  nearest  station  was  on  Adak  Island,  3.2  degrees 
from  the  shot  point.  The  basic  seismic  data  made  avail¬ 
able  by  this  investigation  are  summarized  In  Table  1, 
which  Includes  station  arrival  times  (corrected  for 
elllptlclty  and  elevation),  amplitudes  and  periods  of 
selected  phases,  and  C&GS  body-wave  magnitudes  (mi>). 
Travel-time  residuals  (0-C),  which  are  also  shown  In 
the  table,  refer  to  the  Jeffreys -Bullen  (1948)  surface 
focus  curve.  Figure  1  shows  the  locations  of  North 
American  stations  which  recorded  the  explosion.  In 
addition  to  these  stations,  the  seismic  signal  was 
recorded  at  six  overseas  sites — two  In  Asia;  two  In 
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Australia;  and  two  in  Africa.  Instrumental  magnifi¬ 
cation,  which  relates  to  signal  detection,  is  plotted 
as  a  function  of  distance  in  Figure  2  which  indicates 
that  instruments  below  a  magnification  level  of  25,000 
did  not  record  the  explosion. 

In  contrast  with  the  widely  recorded  LONGSHOT 
data,  seismic  signals  recorded  from  the  AMCHITKA 
explosion  are  limited  primarily  to  the  P-wave  arrival 
times.  Following  the  P-wave  arrival,  a  series  of  pulses 
was  observed  on  some  seismograms  which  gave  the  appear¬ 
ance  of  a  "ringing  effect."  These  pulses  have  been 
observed  from  previous  water  experiments  and  may  be 
attributed  to  ocean-bottom  multiples.  The  multiple 
arrivals  observed  on  the  seismograms  occur  at  4-  to 
6-sec  intervals.  Based  on  the  travel  time  of  energy 
reflected  between  the  water  surface  and  the  trench 
floor,  an  interval  of  5.4  sec  was  obtained.  This 
agrees  closely  with  the  observed  intervals .  Other 
widely  recorded  phases  from  LONGSHOT,  such  as  Pg  and 
Lg,  were,  if  recorded,  unrecognizable  at  close  stations 
for  the  AMCHITKA  explosion.  Rayleigh  waves  generated 
by  the  explosion  were  not  detected. 
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The  majority  of  data  was  limited  to  the  first 
quadrant,  which  corresponds  to  reception  at  Canadian 
and  United  States  stations .  Out  of  a  total  of  49 
stations  in  the  direct  P-distance  range,  only  four 
stations  represent  the  third  and  fourth  quadrants. 
The  most  distant  signal  reception,  at  Windhoek  (WIN) 
and  Pretoria  (PRE),  South  Africa,  is  associated  with 
the  caustic  in  the  PKP  travel-time  curve  at  approxi¬ 
mately  145  degrees. 
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TRAVEL  TIMES 


Two  graphs  have  been  prepared  to  show  travel-tine 
results  over  the  P-wave  range.  Figure  3  shows  the 
observed  travel  times  with  reference  to  a  8.1  km/sec 
velocity  and  Jeffreys -Bullen  (1948)  surface -focus 
curve.  Travel -time  residuals  (0-C)  with  respect  to  the 
Jeffreys -Bullen  curve  are  plotted  in  Figure  4  which 
covers  the  distance  range  beyond  3000  kilometers.  In¬ 
spection  of  the  two  graphs  reveals  that  nearly  all 
travel  times  are  early  with  t‘espect  to  Jeffreys -Bullen 
values .  Experience  gained  from  large  nuclear  explosions 
has  indicated  that  Jeffreys -Bullen  surface -focus  times 
are  approximately  2  sec  late  in  the  range  beyond  20 
degrees  (Gutenberg  and  Richter,  1964;  Burke -Gaff ney 
and  Bullen,  1957;  Carder,  Gordon,  and  Jordan,  1966). 

The  average  Jeffreys -Bullen  residual  for  the  AMCHITKA 
event  is  -1.1  sec,  which  implies  that  the  travel  times 
are  late  when  compared  to  average  travel  times  compiled 
from  large  explosions.  However,  consideration  of  the 
shot  depth  and  the  column  of  water  beneath  the  shot 
point  indicates  a  delay  of  approximately  1  sec  due  to 
burial  and  the  velocity  contrast  between  water  and  rock. 
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Thus,  AMCHITKA  travel  times  are  approximately  the  same 
as  average  values  from  explosions  if  corrections  are 
made  for  the  shot  depth  and  source  medium. 

In  contrast,  the  average  Jeffreys -Bullen  residual 
associated  with  L0NGS1K)T,  which  was  located  circa  60 
kilometers  from  the  AMCHITKA  site,  was  -3.4  sec,  in- 
fering  that  LONGSHOT  times  are  about  1  to  Ih  sec 
earlier  than  the  AMCHITKA  explosion  even  after  correc¬ 
tions  for  water  transit  time  and  for  the  +2  sec  in 
the  Jeffreys -Bullen  tables  for  surface  focus.  It  is 
evident  that  regional  effects  at  the  source  play  an 
important  part  in  travel  times.  Chinnery  and  Toksoz 
(1967)  suggested  that  early  travel  times  associated 
with  LONGSHOT  are  due  to  high-velocity  material  in 
the  upper  mantle  beneath  the  Aleutian  arc. 

Figure  5  shows  Jeffreys -Bullen  residuals  for  LONGSHOT 
and  AMCHITKA  travel  times  recorded  at  common  stations. 
Results  from  stations  less  than  20  degrees  from  the 
shot  locations  are  widely  scattered.  For  example,  Adak 
Island  (AISC)  is  relatively  late  (-1.7  sec)  for  LONGSHOT 
and  very  near  the  average  residual  from  AMCHITKA. 
Conversely,  Kodiak  (KDC)  is  anomalously  early  for 
LONGSHOT  and  only  slightly  early  for  AMCHITKA  and 
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Tanana  (TNN)  is  about  sec  late  for  both  events. 
However,  beyond  30  degrees,  the  residuals  generally 
indicate  relatively  late  or  early  readings  at  the 
same  station  which  also  reflects  the  importance  of 
regional  effects  of  travel-time  variations  near  the 
receiver.  For  example.  College  (COL)  residuals 
infer  arrivals  approximately  h  sec  early  for  both 
test  shots.  The  Las  Cruces,  New  Mexico  (LC-)  value 
is  anomalously  late  for  the  AMCHITKA  shot.  This 
may  be  an  interpretation  error  due  to  low  signal- 
to -noise  conditions  on  the  records  of  the  smaller 
shot.  Table  2  contains  Jeffreys -Bullen  residuals 
at  distant  stations  which  received  both  events. 

In  this  table,  regional  patterns  in  the  residuals 
have  been  revealed  by  grouping  the  residuals  accord¬ 
ing  to  tectonic  province.  As  indicated  in  studies 
of  upper  mantle  and  crustal  velocities  (Pakiser 
and  Zietz,  1965),  regional  effects  associated  with 
the  Western  Mountain  environment  Indicate  travel¬ 
time  delay  relative  to  the  Eastern  United  States. 
Although  the  AMCHITKA  data  conform  to  the  velocity 
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patterns  across  the  United  States,  it  is  suspected 
that  the  anomalously  early  values  for  LC'JGSHOT 
recorded  in  the  Appalachian  region  are  a  manifes¬ 
tation  of  pronounced  lateral  inhomogeneity  at  the 
source. 
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AMPLITUDES 


Amplitudes  of  the  maximum  motion  in  the  first  , 

■t  >r 

three  cycles  of  AMCHITKA  signals  are  shown  in  Figurik> 

6 .  A  very  emergent  beginning  and  a  period  of  about  . 

0.6  sec  characterized  the  onset  of  the  P  wave  on  the 
seismograms.  Signals  written  at  stations  with  high 
instrument  magnifications  contained  high-frequency 
phases  which  were  not  seen  at  lower  gain  levels . 
Selected  representative  signals  from  the  AMCHITKA 
explosion,  at  varying  distances  and  instrumental 
magnifications,  are  illustrated  in  Figure  7. 

Figures  8  and  9  are  plots  of  observed  AMCSSTKA'  7  ' 
and  LONGSHOT  P-wave  ground  amplitudes  as  a  fiinctibn  ■ 
of  distance.  The  reference  lines  on  the  figures 
represent  amplitudes  predicted  by  the  Gutenberg  and 

Richter  (1956)  attenuation  factors  corresponding  to 

*■ 

the  average  body-wave  magnitudes  of  LONGSHOT  (6.0) 
and  the  AMCHITKA  event  (4.6).  Similarities,  as  well 
as  differences,  are  observed  between  the  two  graphs* 

At  distances  less  than  20  degrees,  LONGSHOT  wnplitudes 
are  low  relative  to  AMCHITKA  at  the  same  stations. 

In  the  40-degree  range,  the  data  for  LONGSHOT,  generally 


obtained  from  Canadian  stations,  do  not  support  the 
amplitude  high  predicted  by  the  empirical  curve. 
Amplitudes  in  the  45-  to  55-degree  range,  which  covers 
reception  at  stations  in  the  contiguous  United  States, 
generally  show  station  correlation.  Similar  results 
are  evident  between  60  and  70  degrees  where  amplitudes 
tend  to  exceed  expected  values. 
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MAGNITUDES 

AMCHITKA  body-wave  magnitudes  representing  in¬ 
dividual  stations  are  plotted  in  Figure  10  with  refer¬ 
ence  to  a  4.6  m];),  the  average  teleseismic  magnitude. 
Body-wave  magnitude,  in  this  report,  refers  to  C&GS 
P-wave  magnitude: 

mjj  =  log  (A/T)  +  Q 

where 

A  =  ground  amplitude  in  microns 
T  =  corresponding  period 
Q  =  distance  attenuation  correction. 

The  scatter  observed  in  the  figure  is  typical  of  the 
precision  of  magnitude  measurements.  In  addition  to 
measurement  errors ,  the  variations  are  probably  associ¬ 
ated  with  (1)  bias  in  the  assumed  an^litude -distance 
relationship;  (2)  asymmetric  energy  radiation  at  the 
source;  (3)  attenuation  differences  along  the  trzas- 
mission  paths;  and  (4)  variations  in  the  ground  response 
at  the  recording  stations. 

Magnitude  residuals  (individual  station  magnitude- 
average  magnitudes)  are  listed  in  Table  3  for  stations 
which  recorded  both  AMCHITKA  and  LONGSHOT.  In  the 
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table,  data  are  grouped  according  to  tectonic  provinces. 
In  view  of  the  scatter  exhibited  by  the  data,  the  means 
associated  with  the  various  groups  are  not  statistically 
significant.  owever,  the  differences  between  LONGSHOT 
and  AMCHITKA  residuals  at  the  same  station  tend  to  be 
less  than  the  overall  scatter.  These  results  also 
show  general  correlation  with  the  findings  of  Jordan, 
et.  al.,  1965/.,  who  plotted  P-wave  amplitude  patterns 
associated  with  Algerian  and  Kazak  events  recorded  at 
United  States  stations.  For  example.  Eureka,  Nevada 
(EUR)  registered  higher  than  expected  amplitudes  for 
both  events  as  well  as  both  test  shots.  The  region 
of.  the  Great  Plains  surrounding  LASA  in  Montana  also 
registered  higher  amplitudes  than  predicted  by  the 
average  event  and  test  shot  magnitudes.  In  general, 
the  Western  Orogenic  Belt  showed  amplitudes  less  than 
expected,  whereas  the  Central  Stable  Interior  and  the 
Appalachian  Belt  indicated  higher  amplitudes  than 
expected  for  both  shots. 

Surface -wave  magnitudes  are  also  of  particular 
interest  to  the  Vela  Uniform  participants  due  to  the 
observed  difference  between  the  relative  excitation 
of  surface  waves  by  earthquakes  and  explosions. 
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In  April  1968,  the  C«CS  initiated  a  program  to 
obtain  surface-wave  data  on  a  routine  basis  for  in- 
elusion  in  the  PDE  program.  The  C&6S  computet  taa 
surface -wave  magnitudes  with  the  use  of  the 

formula 

Mg  =  1*0810  A/T  +  1.66  Logj^Q  *  3.3 
where  A,  the  horizontal  ground  amplitude  in  microns, 
corresponds  to  the  maximum  18-  to  22 -sec  (T)  wave 
measured  on  long-period  seismograms. 

To  examine  the  relationship  between  m^^  and  , 
for  earthquakes  and  explosions ,  earthquakes  which 
occurred  within  the  same  geographical  and  tectonic 
region  as  LONGSHOT  and  AMCHITKA  are  plotted  In  Flfurs, 

y  ■ 

11.  The  points  on  the  graph  represent  three  different 
comparisons  of  mj,  versus  :  (1)  Individual  station 

magnitudes  for  earthquakes  routinely  reported  to  the 
PDE  program  for  the  past  1^-year  period;  (2)  average 
earthquake  magnitudes  (Llebermann,  et.  al.,  1966);. 

(3)  individual  station  magnitudes  for  LONGSHOT  com¬ 
puted  from  the  Canadian  Network  (Currie,  1967)  and  the 
LRSM  (Clark,  1966)  Network.  The  surface-wave  magnitudes 
were  measured,  for  both  the  Canadian  and  LRSM  data, 
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from  the  vertical  long-period  component.  The  Canadians 
determined  Mg  by  Bath's  (1952)  formula,  whereas  the 
LRSM  used  the  same  formula  as  C&GS  but  with  modifi¬ 
cations  to  permit  wave  periods  less  than  18  sec  to  be 
used.  The  relationship  between  m^  and  Mg,  determined 
by  Gutenberg  and  Richter  (1956)  and  Romney  (1963),  is 
added  to  the  graph  for  comparison  purposes.  Investi¬ 
gations  of  LRSM  data  by  Romney  (ibid)  show  that  m^j  =  Mg 
for  earthquakes.  From  the  graph,  however,  the  individual 
magnitudes  are  widely  scattered  above  and  below  the 
line.  The  empirical  relationship  given  by  Gutenberg 
and  Richter  (ibid)  appears  to  fit  the  average  earth¬ 
quake  magnitude  values,  and  beyond  5.8  m^,  the  individual 
magnitudes  appear  to  have  a  corresponding  trend.  The 
two  linear  relationships  intersect  at  a  m^  of  6.8. 

The  LONGSHOT  magnitudes  are  observed  to  lie  below  both 
reference  lines.  The  surface -wave  magnitudes  are  about 
an  order  less  than  the  associated  body-wave  magnitude 
for  each  individual  station.  Collectively,  the  average 
mjj  for  LONGSHOT  (5.9)  would,  based  on  the  Gutenberg 
and  Richter  (ibid)  curve,  generate  a  5.4  Mg.  However, 
the  average  Mg  computed  for  LONGSHOT  was  4.2  which 


corresponds  to  a  5.1  earthquake.  Although  the 
/^MCHITKA  explosion  did  not  produce  any  measurable 
surface  waves,  the  average  teleseismic  m^  of  4.6 
corresponds  to  an  earthquake  surface-wave  magnitude 
of  3.4. 

These  observations  indicate  that  earthquakes  of 
comparable  body-wave  magnitude,  located  in  the  same 
geographical  and  tectonic  region,  generate  larger 
surface  waves  than  those  produced  by  L0N6SH0T.  This 
statement  supports  earlier  conclusions  that  explosions 
do  not  excite  the  long-period  part  of  the  seismic 
spectrum  as  compared  to  earthquakes  (Liebermann,  et.  al 
1966).  Also,  surface-wave  magnitudes  of  earthquakes 
are  not  consistently  larger  than  the  corresponding 
body -wave  magnitude. 


HYPOCENTRAL  COMPUTATIONS 


The  results  of  the  computer  solutions  carried 
out  using  the  C&GS  hypocenter  program  (Engdahl  and 
Gunst,  1966),  are  shown  in  Table  4.  The  computations 
were  performed  with  the  use  of  the  standard  travel¬ 
time  tables  of  Jeffreys -Bullen  (1948)  and  the  recently 
published  Herrin  tables  (Herrin  and  Taggart,  1968A). 
The  first  entry  contains  the  given  coordinates  of  the 
shot,  and  the  remaining  lines  refer  to  computer 
solutions  carried  out  in  several  different  modes. 

These  include  a  conventional  computer  solution  (2) 
with  focal  depth  unrestrained,  and  solutions  (3,  4) 
with  depth  restrained  to  surface  focus.  Entries  5 
and  6  are  computations  with  arrival  times  adj'usted 
on  the  basis  of  LONGSHOT  residuals,  i.e.,  in  these 
cases,  LONGSHOT  results  were  used  as  a  calibration 
shot .  The  reading  from  Adak  Island  at  about  350 
kilometers  distance  was  included  in  all  computations. 

The  accuracy  of  the  computer  solutions  which  are 
based  on  P-wave  arrivals  is  limited  by  the  observed 
times,  azimuth  control,  the  validity  of  the  travel¬ 
time  curves  used,  and  by  anomalous  conditions  at  the 
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source  and  receivers.  The  C&GS  program  also  computes 
standard  errors  which  reflect  the  precision  or  internal 
consistency  of  the  data.  Standard  errors  of  latitude 
and  longitude  (the  intercepts  of  the  error  ellipse 
with  the  coordinate  lines  of  the  computer  epicenter) 
were  approximately  ^5  kilometers  for  AMCHITKA  solutions 
restrained  to  surface  focus. 

With  the  depth  parameter  restrained  to  zero  kilo¬ 
meter,  the  epicenter  of  the  AMCHITKA  explosion,  based 
on  observed  arrival  times  and  using  both  the  Jeffreys- 
Bullen  and  Herrin  curves  (solutions  2  and  4),  was 
consistently  shifted  toward  the  northwest  with  a  cor¬ 
responding  alteration  of  the  origin  time  (Table  4). 

As  observed  earlier  in  this  report,  the  average  arrival 
times  relative  to  the  standard  Jeffreys -Bullen  tables 
were  approximately  1  sec  early.  A  separate  computer 
run  using  the  Herrin  curve  with  all  source  coordinates 
restrained  indicated  an  average  residual  of  +1.6  sec, 
which  is  approximately  1  sec  late  when  the  computed 
delay  transit  time  associated  with  the  water  column 
above  and  below  the  shot  point  is  considered. 

LONGSHOT,  as  determined  by  normal  location  pro¬ 
cedures,  was  shifted  approximately  25-30  kilometers 
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northwest  of  the  true  epicenter.  Douglas  (1967)  indi¬ 
cates  the  shift  was  caused  by  a  regional  bias  in 
travel  times  in  the  Aleutian  region  as  revealed  by 
the  travel-time  residuals  associated  with  the  known 
source  coordinates.  Herrin  and  Taggart  (1968B)  also 
found  that  LONGSHOT  showed  a  significant  travel-time 
bias.  At  equivalent  distance,  travel  times  were  2h 
sec  greater  to  the  south  than  to  the  north.  They 
attributed  the  observed  azimuthal  variation  in  travel 
times  to  a  layer  of  high-velocity  material  with  a 
northerly  dip.  It  has  been  suggested  (Oliver  and 
Isacks,  1967)  that  such  layers,  downwarped  portions 
of  the  lithosphere  50  to  100  kilometers  thick,  are 
characteristic  of  island  arc  structure. 

Consideration  of  epicentral  errors  has  indicated 
that  the  velocity  structure  of  the  crust  and  upper 
mantle  of  specific  sources  may  decrease  or  delay 
travel  time  relative  to  standard  curves  designed  to 
represent  average  conditions.  In  addition,  azimuthal 
variations  in  velocity  at  equivalent  depth  introduce 
source  bias.  Although  the  uncorrected  computer 
solutions  for  AMCHITKA  gave  results  similar  to  LONGSHOT 
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computations,  it  is  difficult  to  examine  bias  asso¬ 
ciated  with  AMCHITKA  due  to  the  lack  of  azimuthal  con¬ 
trol.  However,  it  is  very  possible  that  the  shift  of 
the  shot  point  from  the  ridge  to  the  trench  has  signifi 
cantly  reduced  the  azimuti^ial  variation  in  the  length 
of  travel  path  through  the  anomalous  layer. 

The  proximity  of  the  AMCHITKA  explosion  to  that 
of  LONGSHOT  suggested  an  adjustment  of  the  AMCHITKA 
arrival  times  by  the  residuals  observed  from  LONGSHOT. 
Following  the  method  outlined  by  Herrin  and  Taggart 
(1963),  arrival  times  from  AMCHITKA  and  the  true 
residuals  from  LONGSHOT  were  added  algebraically. 

The  results  of  the  computations  carried  out  with  the 
Jeffreys -Bullen  curve  are  given  by  solution  5,  where 
depth  was  treated  as  an  unknown,  and  solution  6,  which 
restrains  depth  to  surface  focus.  In  trials  5  and  6, 
the  northerly  shift  of  the  epicenter  was  25  to  50 
percent  of  that  corresponding  to  uncorrected  arrival 
times,  indicating  that  application  of  calibration  shot 
data  reduced  the  epicenter  error  considerably. 
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SUMMARY  OF  OBSERVATIONS 


1.  Travel  timt*,  show  that  AMCHITKA  arrival  times 
are  relatively  early  with  respect  to  the  standard 
Jeffreys -Bullen  curve,  but  later  than  LONGSHOT  travel 
times.  AMCHITKA  travel  times,  if  corrections  are 
made  for  shot  depth  and  source  medium,  relative  to 
average  values  from  explosions  show:  (1)  They  are 
approximately  the  same;  (2)  they  are  later  than  LONGSHOT 
travel  times  by  about  1  to  Ih  sec. 

2.  An  analysis  of  seismograms  of  the  AMCHITKA 
explosions  infers  ocean-bottom  multiples  occur  at  4- 
to  6 -sec  intervals .  The  computed  reverberation 
interval  is  5.4  sec. 

3.  Magnitude  residuals  for  both  shots  show 
amplitudes  less  than  expected  for  the  Western  United 
States,  whereas  amplitudes  are  higher  for  the  Eastern 
United  States. 

4.  Both  shots  substantiate  previous  observations 
that  surface  waves  associated  with  explosions  are 
smaller  than  those  associated  with  earthquakes  of  com¬ 
parable  body-wave  magnitudes.  In  the  case  of  LONGSHOT, 
a  5.9  mjj  and  a  4.2  Mg  were  observed.  Using  Gutenberg 
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and  Richter  linear  relationship,  a  Ms  of  4.2  would 
correspond  to  an  earthquake  nijj  of  5.1.  Surface -wave 
data  were  not  ivailable  from  the  AMCHITKA  explosion. 

5.  Computer  solutions  carried  out  with  the 
Jeffreys -Bullen  and  Herrin  curves  located  the  epi¬ 
center  approximately  20  kilometers  northwest  of  the 
shot  point.  The  Herrin  average  residual,  with  all 
parameters  restrained,  was  approximately  1  sec  late 
when  the  water  travel-time  delay  was  applied. 

6.  Calibration  of  the  AMCHITKA  explosion  using 
residuals  from  LONGSHOT  gave  an  epicenter  about  5 
kilometers  from  the  given  location. 

7.  A  clear  statement  about  source  bias  asso¬ 

ciated  with  the  AMCHITKA  explosion  cannot  be  made  due 
to  poor  azimuthal  control.  Comparative  data  suggest 
that  the  source  bias  prominently  identifiable  with 
LONGSHOT  has  been  reduced.  ^ 
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TABLE  1.— AMCHITKA  Explosion,  Arrival  Times  and  Amplitudes  of  Principal  Phases 
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TABLE  3. — Magnitude  Residuals  at  Stations  Which  Recorded  AMCHITKA  and  LONGSHOT 
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FIGUtC  8  EXPECTED  AMPLITUDES  FROM  AMCKiTKA  EXrLOSION 
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FIGURE  9  EXPECTED  AMPLITUDES  FROM  LONGSHOT 
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